The subcellular mechanism of cell-to-cell communication in the natural pacemaker region of the mammalian heart was studied using electrophysiological and immunofluorescence techniques in isolated pairs of rabbit sinus nodal cells. By measuring whole-cell currents using a double patch-clamp approach, it was demonstrated that communication in the sinus node is mediated through gap junctional channels similar to those in other types of adult cardiac cell pairs. Macroscopic sinus nodal junctional resistance had a mean value of 387.9±97.1 MQl (mean±SEM, n=10) and was greatly increased by superfusion with alkanols. Single-channel junctional conductance could be resolved in three cell pairs. Given their high membrane resistance (1.16±0.32 GQ, n=12), the electrical coupling provided by as few as three gap junctional channels between nodal cells will allow for pacemaker synchronization. Further evidence for the presence of the channels was obtained from immunofluorescent double-labeling of desmin and the gap junction protein (connexin43) in sinus nodal tissue as well as in cultured sinus nodal cells. Using antisera against residues 243-257 of the connexin43 protein, a specific staining at the site of cell-to-cell apposition was demonstrated. These data provide direct evidence in favor of electrotonic coupling as the means for achieving pacemaker synchronization in the rabbit sinus node. (Circulation Research 1992;71:229-239) 
In the mammal, each heartbeat is triggered by a single electrical impulse generated in the so-called "pacemaker region" of the sinus node. The sinus node consists of several thousand spontaneously active cells with a varying intrinsic frequency of membrane potential oscillation. The precise mechanisms of this pacemaker activity in each sinus nodal cell have not been fully elucidated but have been explained in terms of charge movements across membrane ionic channels whose conductance is time and/or voltage dependent.1 However, the mechanisms involved in the communication and rhythm coordination of large numbers of spontaneously active cells within the node have been the subject of controversy and speculation for many years.
One hypothesis suggested that synchronism in the sinus node is established through a reflex mechanism whereby the periodic pulsation of the sinus node artery somehow leads to coordination of repetitive discharges of cells in the entire node.2 To our knowledge, no experimental evidence has thus far been provided to support such a hypothesis. Alternatively, Pollack3 postulated that synchronization of activity is mechanically induced, resulting from stretch exerted mutually between neighboring pacemaking cells. Vigorous periodical stretch has been shown to lead to sinus nodal entrainment.4 Yet, it is unlikely that the rudimentary contractile machinery of a sinus nodal cell is capable of generating the necessary twitch force to sufficiently stretch its neighbors and alter their frequency of discharge.5 Moreover, the time required for electromechanical coupling in the heart greatly outlasts the time available for propagation of the impulse from one cell to another. 6 More recently, an electrical hypothesis has been developed, based on numerous electrophysiological,7-10 theoretical,"1-3 and morphological514 studies.
The hypothesis states that the initiation and maintenance of the mammalian heartbeat by its natural pacemaker is a dynamic process whereby thousands of cells communicate electrically through resistive coupling and reach a consensus to discharge and initiate each heartbeat. '5 Fundamentally, synchronization via electrical coupling requires the presence of low-resistance intercellular channels. Gap junctions are specialized membrane protein structures that are abundant in several regions of the heart and serve as low-resistance pathways for the flow of ionic currents between neighboring cells. '6 Recently, groups of spontaneously active cultured embryonic or neonatal ventricular myocytes have been shown to rapidly synchronize their activity on contact, due to the formation of gap junctions between the groups.14'17'8 On the other hand, although earlier morphological investigations failed to detect their presence in the sinus node,19,20 more recent electron microscopic studies in the rabbit have shown that gap junctions are present in limited numbers throughout the sinus nodal region. 5, 21 To date, however, there is no report in the literature of direct measurements of gap junctional current (I1) between sinus nodal cells. The double whole-cell patch clamp is a technique used to study electrical communication between cell pairs2223 and has been successfully used to measure the conductance of gap junctional channels in several cardiac preparations (see References 25) in sinus nodal tissue preparations as well as in pairs of cultured sinus nodal cells.
Materials and Methods Cell Isolation
The cell isolation procedures were similar to those reported previously for sinus nodal cells.1026 Pairs of sinus nodal cells were obtained by enzymatic dissociation of a 2x6-mm2 area of tissue bordered medially by the interatrial septum, laterally by the crista terminalis, superiorly by the cranial vena cava, and inferiorly by the caudal vena cava. Two methods of cell isolation were used. In the first, cells were obtained freshly by a retrograde perfusion of the enzyme medium using the Langendorff technique (see Reference 10 for details). In the second procedure, cells were obtained by the "chunk" method26 and used after an overnight incubation in a culture medium. For isolation by the chunk method, the piece of tissue was minced with a fresh scalpel blade and placed in a dissociation solution consisting of (mM) NaCl 116, KCl 5.4, NaH2PO4 0.4, Na2HPO4 1.0, and dextrose 5.5, along with 0.2% collagenase type II, pH 7.4, for 8 minutes per cycle. The supernatant of each of four cycles was pelleted and resuspended in a calcium-free solution containing (mM) NaCl 126, KCl 1.8, MgCl2 0.8, dextrose 5.5, and HEPES 25, pH 7.4, with 1N NaOH, to which CaCl2 was slowly added to reach a final concentration of 1.8 mM. Plates of cells were cultured overnight in a medium containing (mM) NaCl 116, CaCl2 1.8, MgSO4 0.8, NaH2PO4 0.9, NaHCO3 26, and dextrose 5.6, supplemented with 20% M199 (GIBCO Laboratories, Grand Island, N.Y.), 4% fetal bovine serum (Flow Laboratories, Inc., McLean, Va.), 2% horse serum (GIBCO), and 0.5% penicillin-G (Sigma Chemical Co., St. Louis, Mo.) and gassed with 95% air-5% CO2.
Preparation and Characterization of Gap Junction Peptide Antisera
A peptide corresponding to residues 243-257 of the rat heart gap junction cDNA-derived sequence25 having the amino acid sequence CSDPYHATTGPLSPS was commercially synthesized and subjected to analytical high-performance liquid chromatography and amino acid composition analysis by Biosearch, Inc., San Rafael, Calif. This peptide was coupled to the carrier protein, keyhole limpet hemocyanin (KLH), through an additional cysteine that was added to its amino termi-nal; m-maleimido-benzoyl-N-hydroxysuccinimide ester (MBS) was used as the coupling agent. 27 The protocol used for the MBS coupling was as described by Green et al.28 For primary immunizations, the peptide-KLH conjugate (containing 200 jug peptide) was mixed with Ribi adjuvant system (Ribi ImmunoChem Research, Inc., Hamilton, Mont.) and subcutaneously injected via multiple paravertebral sites into male New Zealand White rabbits. Before inoculation the rabbits were bled to obtain preimmune sera. Antisera were screened for reactivity using the enzyme-linked immunosorbent assay (ELISA) as described by Green et al.28 Once a titer of >10,000 against the peptide was detected by the ELISA, the serum was collected and stored as 1-ml aliquots at -20°C. Immunoglobulins were purified using Sepharose CL-4B-protein A (Pharmacia LKB Biotechnology Inc., Piscataway, N.J.) affinity chromatography as described by Ey et al. 29 Peptide antiserum was used to immunoprecipitate the [35S]methionine-labeled Cx43 protein from the reticulocyte lysate using insoluble protein A.30
In Vitro Transcription and Translation of Cx43 cDNA
The cDNA clone (G2A) for rat heart Cx43 was a generous gift from Dr. Eric Beyer, Washington University, St. Louis, Mo. 25 The DNA insert, containing the complete coding region of Cx43, which had been subcloned into the phagemid vector, pBluescript SK+, was used for in vitro synthesis of mRNA using a kit from Stratagene Inc., La Jolla, Calif. Briefly, the pBluescript was digested with EcoRV to produce a linearized template, from which capped mRNA was then transcribed in vitro using T3 RNA polymerase and the mCAP mRNA capping kit (Stratagene). In vitro translations were carried out in 33 gul rabbit reticulocyte lysate, using a kit from Promega Corp., Madison, Wis., with 10 jug/ml (final concentration) mRNA containing L-[35S]methionine (1, 200 Ci/mmol; final concentration 0.8 mCi/ml; ICN Biomedicals, Inc., Irvine, Calif.). Translation reactions were allowed to proceed at 30°C for 90 minutes. Reactions were terminated by the addition of sodium dodecyl sulfate (SDS) sample buffer. The labeled translation products were separated on Laemmli31 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The gels were treated for fluorography with an autoradiography enhancer (New England Nuclear, Boston), dried, and then exposed to Kodak XAR-5 film at -70°C.
Immunofluorescent Staining
A double-labeling immunofluorescence technique32 was used to localize gap junctions in ventricular tissue or in sinoatrial (SA) nodal preparations. Enzymatically dissociated SA nodal cell pairs were cultured for 24 hours and then washed in three changes of phosphatebuffered saline (PBS) containing (mM) NaCl 137, KCl 2.7, Na2HPO4 8.3, and KH2PO4 1.1, pH 7.4, for 5 minutes each. Cells were fixed in cold (-20°C) acetone for 30 seconds and then air dried for 5 minutes. Ventricular and sinus nodal tissue preparations were frozen without fixation in Tissue-Tek mounting medium (Miles Inc., Elkhart, Ind.) in liquid nitrogen (-70°C). Eight-micron-thick sections were cut using a cryostat (model 2800 Frizocut N, Reichert-Jung, Cambridge Instruments CM6H, Nussloch, FRG) at -23°C and were collected on albumin-coated slides. Both dissociated cell pairs and tissue preparations were rehydrated in PBS and blocked in 3% powdered nonfat milk (NFM) for 30 minutes; preparations were incubated for 1 hour in the primary antibody (antiserum against peptide 243-257 of Cx43) and subsequently washed in PBS, blocked with 3% powdered NFM, and stained with fluorescein-conjugated secondary antibodies (goat antirabbit immunoglobulin G, Organon Teknika Corp., West Chester, Pa.) at a 1:30 dilution for 60 minutes at room temperature. Thereafter, the preparations were washed in PBS overnight at 4°C. The blocking step with 3% NFM was followed by incubation in monoclonal anti-desmin antibody from mouse-mouse hybrid cells (clone DE-B-5 lyophilized immunoglobulin, stabilized; Boehringer Mannheim Biochemica) for 1 hour at room temperature. After washing in PBS for 15 minutes in three changes and blocking with 3% NFM, the preparations were stained in Texas Red-labeled secondary antibodies (sheep anti-mouse immunoglobulin G, Amersham Corporation, Arlington Heights, Ill.) for 1 hour at room temperature. Washed preparations were mounted in 1% n-propyl gallate in 50% glycerol, and coverslips were added. The preparations were viewed and photographed on a Zeiss Universal light microscope equipped with epifluorescent illumination using a mercury light source. Alternatively, preparations were viewed on a Bio-Rad MRC 600 confocal microscope. Photographs were taken with 35-mm Kodak Tri-X pan film (ASA 400). Control experiments with preimmune antiserum were routinely carried out to validate the specificity of the antibody.
Electrophysiological Recordings
Electrophysiological recordings were carried out at room temperature (20-22°C). Cells were constantly superfused with normal Tyrode's solution of the following composition (mM): NaCl 130, KCl 4, CaCl2 1.8, MgCl2 1.0, NaH2PO4 1.2, glucose 5.6, and HEPES 5; pH was adjusted to 7.4 with NaOH. Recording electrodes were coated with Sylgard (Dow Corning, Midland, Mich.) and filled with a solution containing (mM) potassium glutamate 120, NaCl 15, KH2PO4 1, MgC12-6H20 4, EGTA 0.1, HEPES 10, Na2ATP 3, and Na2phosphocreatine 3 (Sigma), pH 7.1, adjusted with 1N KOH.
Measurement of Ij. The membrane potential of each cell was controlled separately by one of two patch-clamp circuits23 using either Axopatch amplifiers (Axon Instruments, Burlingame, Calif.) or BioLogic amplifiers (model RK-300, Meylan, France). Ij could be recorded in all the pairs investigated. The protocol for measuring Ij was as follows23: membrane potential of one cell of the pair (cell 1) was held constant (holding potential, -40 mV) while the voltage of cell 2 was changed to various values. Ij (see Figure 5 for example) was recorded during the application of voltage-clamp pulses (duration, 2 seconds) to the various transjunctional voltages (Vj). Because cell 2 was pulsed, currents recorded from that cell contained both Ij as well as membrane currents. Consequently, for the determination of current-voltage (I-Vj) relations, current values obtained from cell 1 were used. Instantaneous Ij was defined as the Ij recorded within 10 msec after the onset of the voltage pulse. Unless otherwise specified, junctional resistance (Ri) was calculated as the inverse of the slope of the instantaneous Ij-Vj linear relation. Measurement of nonjunctional resistance. A separate voltage-clamp protocol was used to determine the nonjunctional membrane resistance (Rm) of the individual myocytes forming the cell pair. 33 Ij was avoided by clamping both cells simultaneously at the same potential. The experimental paradigm consisted of a "staircase" of voltage-clamp steps (duration, 500 msec) from -100 to 60 mV in 5-mV increments. The reported values of Rm represent the chord resistance measured between 0 and -100 mV.
Measurement of electrode resistance after patch break. The procedure for estimating electrode resistance after patch break (Rel) was similar to that previously described by Veenstra and DeHaan.34 Cells were clamped at a holding potential of -80 mV. Depolarizing voltage pulses (amplitude, 10 mV; duration, 10 msec) were repetitively applied to elicit capacitive currents at the onset and at the end of the pulse. Electrode resistance was estimated as the ratio between the amplitude of the voltage test pulse and the maximal amplitude of the capacitive current. Current signals were stored using a VCR-based digital tape recorder (Neuro-Corder model DR-484, Neuro Data Instruments Corp., New York, and VHS VCR model SV-7700, Sansui). For playback, signals were low-pass-filtered with a four-pole Butterworth filter (model 4302, Ithaco, Inc., Ithaca, N.Y.), and current tracings were analyzed using a set of customized channel detection programs previously described. 33 
Results

Antibody Characterization
Addition of in vitro transcribed Cx43 mRNA to a rabbit reticulocyte lysate stimulated synthesis of a major protein migrating on SDS-PAGE as a 43-kd band (Figure 1 ). The molecular weight of this protein obtained from the translation assay was consistent with the predicted molecular mass of Cx43 as calculated from the known amino acid sequences.25 When anti-Cx43 (243-257) antiserum was used, precipitates of Cx43 mRNA transcribed in a rabbit reticulocyte lysate contained a predominant 43-kd protein (Figure 1 ). There was no detectable protein of 43 kd when preimmune serum was used in the immunoprecipitation assay.
Immunofluorescent Double-Labeling
Tissue preparations. The specificity of the anti-Cx43 (243-257) antiserum was further assessed by immunolocalization studies performed in unfixed fresh frozen tissue preparations obtained from hamster and rabbit ventricular myocardium. The results presented in Figure 2A (hamster ventricular myocardium) show that, as expected from an antibody that specifically recognizes the Cx43 protein, anti-Cx43 (243-257) labeling was highly localized in the areas of end-to-end cell apposition, thus defining the contour of the intercalated disk structure. 35 Preimmune serum did not reveal any specific staining (data not shown). A highly localized staining similar to that shown in panel A is not readily observed in the rabbit ventricle (panel B), probably because the anti-peptide B (243-257) serum was ob- tained in the rabbit. However, a better optical resolution of the gap junctions is achieved using confocal microscopy (panel C).
The results from the in vitro analysis as well as the results from the ventricular tissue immunostaining strongly supported the contention that the anti-Cx43 (243-257) antiserum was indeed specific for Cx43. Therefore, we attempted to immunolocalize gap junction proteins in the rabbit SA nodal tissue, results of which are shown in Figure 3 . In panel A, immunolabeling of the SA node for Cx43 was extremely light and diffuse, probably resulting from the scarcity of the gap junction protein in the SA nodal structure5 as well as from a weak immunoreactivity of the rabbit tissue to an antibody that had also been raised in rabbits. A different pattern of staining was obtained when the same sections were incubated with anti-desmin antibodies (panel B), ensuring the "muscle" origin of the preparation. After immunolabeling for Cx43, improvement of the optical resolution by means of confocal microscopy (panel C) revealed the presence of bright well-defined lines of immunostaining that were particularly conspicuous in the sites of cell-to-cell apposition (see arrows).
Pairs of SA nodal cells. With the double-labeling immunofluorescence technique, we could also detect specific staining in the region of cell-to-cell apposition of the culture nodal cell pairs. Figure 4A is a phase-contrast photomicrograph of a sinus nodal cell pair after an overnight incubation in the culture medium. The same pair of cells is shown in panel B after specific staining of gap junction protein. This pattern of staining was obtained by incubating the cells in anti-Cx43 (243-257) antiserum. A different distribution of specific staining was shown (Fig-ure 40) when the same cells were stained using antidesmin antibodies, ensuring us that we observed the sinus nodal cells. Desmin is a cytoskeletal protein and has been shown to be characteristic of muscle cells. 36, 37 Junctional and Nonjunctional Resistances in Pairs of
SA Nodal Cells
All the cells selected for study had smooth surfaces and well-defined boundaries. Gigaseal formation and wholecell voltage clamping were sequentially achieved in each cell of the pair. To minimize errors due to clamping Rj and Rn, R,, must be 10-20 times smaller than Rm and Rj. 33, 34, 38, 39 In our experiments, R,, was typically 2.5-5 MQ before patch break and 28+4.5 Mfl (mean±SEM, n = 14) after patch break; Rm, and R, were 1.16±0.32 GQ (n=12) and 387.9±97.1 M[Q (n=10), respectively.
Time Dependence of I,
A time-and voltage-dependent decline of I has been previously described for embryonic33 as well as neona-tall7A4)'4 cardiac gap junction preparations. We investigated whether a similar phenomenon would be present in adult SA nodal cell pairs. Figure 5A voltage pulse. In that case, the steady-state Ij was 70% less than the instantaneous I. Note that the time dependence of the observed decay in I appears asymmetric at the extreme potentials ( Figure SA) . The cause of this discrepancy is not clear, but it may possibly indicate a slight loss of voltage control at the extreme potentials. The extent to which this may alter the time dependence of the observed decay in L, however, cannot be determined accurately.
This asymmetry in the current kinetics was not consistently observed in our experiments, and the main conclusion of this figure is that there is a voltage-and timedependent decay of Ij in the SA node.
There was an association between the value of Rj in the cell pairs and the presence or absence of a timedependent decline in current. Indeed, of the 10 pairs studied, six of them showed Rj values of <380 MQ, and in those cases, the time-dependent decay amounted to less than 20% of the instantaneous Lj values. In the four other cases (as in the example shown in Figure 5 ), Rj was >380 Mfl, and the sum of both electrode resistances was <10% of R,. In Reference 24 for review) such as halothane or the n-alkanols (heptanol and octanol). Figure 6 shows the results of experiments in which we determined the effect of heptanol and octanol on t recorded from the sinus nodal cell pairs. The voltage protocol in this set of experiments consisted of clamping __ FIGURE 2. Immunofluorescent double-labeling of hamster left ventricular myocardium (panel A) and rabbit left ventricular tissue (panel B) for connexin43 using conventional light microscopy. Enhancement of optical resolution in the rabbit ventricle with confocal microscopy allowed for the immunolocalization ofconnexin43 proteins in the preparation (panel C). Examples ofspecific staining of the interrelated disks are indicated by the arrows. Bar, 100 gm. cell 2 at 0 mV and then applying 5-second pulses (four pulses per minute) to -80 mV (i.e., Vj=80 mV) to cell 1.
In Figure 6A , exposure to 1 mM heptanol caused an immediate reduction of Ij by approximately 35% within 4 minutes. Further exposure to 2 mM heptanol completely abolished Ij. This effect was readily reversible, with return to control Ij values occurring within 1 minute of the onset of washout. Octanol (1 mM) was more effective in blocking IJ ( Figure 6B) , with total blockade occurring in less than 2 minutes. However, the effects of octanol were only partially reversible; control Ij values had not been achieved 7-8 minutes after washout. It has been shown that the unitary gap junctional channel conductance (-yj) is the same in the presence or absence of n-alkanols, which indicates that the mechanism of block is due to a reduction in the channel open time. 34, 45 Single-Channel Activity Conventional light microscopy reveals only light staining of connexin43 proteins (panel A). Enhancement of the optical resolution of the same preparation with confocal microscopy (panel C) allowed the immunolocalization of connexin43 proteins in the sinoatrial nodal tissue. The staining was particularly bright at the sites of cell-to-cell apposition (arrows). Bar, 100 gm. channel activity. Indeed, under these conditions, R011 plus R,2 was <5% Rj. The major limitation in resolving Ij fluctuations is the current signal-to-noise ratio, which requires both Rm and Rj to be > 1 GQ. Unitary currents from one of these pairs are shown in Figure 7A ; tracings 1, and 12 are 4-second current tracings obtained from a total of a 20-second recording period in which stepwise fluctuations could be seen. The real time histogram in Figure 7B was compiled from the 20-second recording period. For analysis, signals were low-pass-filtered (125 Hz) and digitally sampled at 1 KHz. The procedure for generating the histogram has been described in a previous publication.33 Briefly, the plot represents the number of digitized sample points at which a given I1 value was recorded. The vertical lines represent the statistical mean for each peak in the histogram, and boundary conditions for channel detection were assigned relative to the means of adjacent peaks. The (Ij(,,s,t) ) and steady-state (Ij(s,) ) current values plotted as a function of Vj. The Ij~o-Vj relation was nonlinear for V, values > ±40 mV 2.4 (n=7), 2.8 (n=5), 3.4 (n=5), corresponding to yj values of 60, respectively. and 3.8 pA (n=5), 70, 85, and 95 pS,
Discussion
The results of the double-labeling immunofluorescence study showing a specific staining of residues 243-257 of Cx43 indicate that pacemaker cells in the rabbit sinus node contain a protein similar to Cx43 at the site of cell-to-cell apposition in the cell pairs. Previous studies using immunocytochemical techniques have shown that a 43-kd protein, referred to as Cx43, is present in human and guinea pig46 as well as rat47 heart muscle.
The results from this study provide the first set of electrophysiological data on gap junction channels in the adult mammalian pacemaker cells. Ij could be recorded in all the pairs examined, although the values varied markedly in the different pairs. This variability can be explained by the nature of the preparations. Indeed, to achieve an appropriate yield of cell pairs, we dissociated the entire SA region (see "Materials and Methods"). Thus, it is possible that such variability reflects the normal inhomogeneity of cell-to-cell contacts within the node.5 Moreover, sinus nodal cells in situ are generally elongated and therefore expected to make extensive side-to-side contacts with their neighbors. With the enzymatic dissociation procedure, and after "rounding up" of the cells, the density of gap junctional channels will vary markedly and will depend on the extent of the contact between cells. The implication of this is that the mean Rj value reported here may be higher than the value in the intact sinus node48 and is much higher than that reported for the ventricular cell pairs (3.4 MfQ, see Reference 49) .
Our experiments revealed an association between the magnitude of Rj and the presence or absence of a time- the occasional observation of a 20-30-pS conductance.4445 Consistent with these earlier observations, our single-channel data from sinus nodal cell pairs show that the majority of transitions in channel activity revealed a conductance in the range of 40-60 pS. These results, together with the data obtained from the immunofluorescence study, suggest that the gap junction channel protein between adult sinus nodal cells is probably the same protein as that present between ventricular cells.
Mechanism of Synchronization Between SA Nodal Cell Pairs
In a recent study on cell-to-cell propagation in ventricular cells, Weingart and Maurer50 showed that action potential transfer can be prevented at very high values of Rj. These authors determined empirically that propagation would be completely blocked when the ratio between Rj and Rm (which we shall refer to as transfer index) was larger than 15. Our data on pairs of SA nodal cells indicate that, even though nodal cells are poorly coupled, their high membrane resistance maintains the transfer index within values at which propagation is still possible.
In general, action potential transfer is a function of the characteristics of the propagating impulse as well as a function of the responsiveness of the cell acting as a current sink (cell 2). Indeed, when the cell acting as a current source (cell 1) is excited, it should create a 3 and rearranging the terms, we show that cell-to-cell propagation will occur if J j i/Ri (1) The maximum possible value of Vj (Vji) is given by the difference between the resting potential of cell 2 and the maximum amplitude of the action potential in cell 1. lj should then depolarize cell 2 by an amount (Vm) related to the membrane resistance of cell 2: Vm=Ij * Rm (2) In fact, cell 2 should reach threshold whenever Vm is larger than a given threshold value (Vth). Thus, action potential transfer should be successful if Rm/Rj>Vth/Vj,,a (4) or Rm Vj/RRj * Vth>l (5) We will call Equation 5 the "margin of safety" for cell-to-cell propagation. If the margin of safety is smaller than 1, an action potential elicited in cell 1 will fail to activate its neighbor. This algebraic expression, albeit simplistic (e.g., note that no consideration is given to the rate of depolariza- tion of cell 1), is useful in predicting the likelihood of action potential propagation failure in a variety of experimental conditions. For example, in the case of ventricular cell pairs, the margin of safety is very large. Indeed, if from the data reported in the literature we take Rm of 28 MQ5,1 Rj of 4 MQ,49 Vth of 15 mV, and Vj of 125 mV,51 the margin of safety is 58. This means that Rj has to increase at least 58 times (i.e., to 232 MQl) to prevent propagation. The latter is in agreement with the results of Weingart and Maurer. 50 SA nodal cells are spontaneously active, and electrotonic currents are necessary to "phase-lock" the spontaneous cycles into a 1:1 entrainment.952 The minimum amount of Ij required for synchronization of a cell pair would therefore depend, among other things, on the difference in the intrinsic cycle length of the cells. Consider a hypothetical case in which activation of a faster cell occurs when the slower cell is 10 mV away from threshold (i.e., Vth is 10 mV). If Vj is 70 mV, Rm is 1 Gf, and Rj is 0.39 Gfl (see above), tiSe margin of safety would be 18. Accordingly, Rj would have to increase to 7 GQf for the cells to loose their 1:1 synchrony. In other words, these two hypothetical cells will fire synchronously in a 1:1 manner as long as three gap junctional channels (each with yj of 50 pS) remain functional between the two cells.
Following a similar rationale, it is reasonable to predict that the Ij flowing through a single gap junctional channel when V. is 70 mV (i.e., Ij is 3.5 pA) would be enough to synchronize the neighbor cell in a 1:1 manner if Vth is 3.5 mV at the moment of cell 1 activation. Thus, although SA nodal cell pairs have a higher Rj value than the ventricular pairs, SA nodal synchrony is possible because of the high membrane resistance of the individual myocytes. This is further facilitated by the intrinsic pacemaking nature of the cells. In fact, if the intrinsic cycle lengths are very similar, the current flowing through a single gap junctional channel may be sufficient for 1:1 entrainment18,53 (also see the discussion by Denis Noble appended to Reference 18). Our analysis shows the cellular basis for synchronization in the SA node. However, one should be cautious when extrapolating data from cell pair studies to the analysis of propagation (or synchronization) in the whole tissue. Indeed, in contrast to what happens in tissue preparations, in the cell pairs the propagating currents move toward a high-impedance element; therefore, there is no loading effect by the inactive cells downstream.50 In the case of the SA node, however, the disparity between cell pairs and tissue should be less than in the ventricle because, under normal circumstances, the cells forming the tissue are poorly coupled,48 the space constant is short,48 and, therefore, one would expect a minimum load from the distal element. The present data indicate that pacemaker cells are adequately coupled to allow for electrotonic current flow, which most likely accounts for the means of communication to achieve synchronization in the natural pacemaker of the heart. of Wanda Coombs, JoAnne Getchonis, and Mark Chilton and the secretarial skills of LaVerne Gilbert are also appreciated.
